been demonstrated in both immediate and delayed types of allergy (Eidinger et al. 1964 , Hu et al. 1961 . Since the eosinophilic response occurs in such diverse phenomena as anaphylaxis, urticaria, drug sensitivity, the homograft rejection reaction and the Arthus reaction, it seems likely that the migration of eosinophils into the cellular exudate during the development of a positive skin window test is provoked by the formation of antigen-antibody complexes (Larsen 1967). With the assistance of Dr Lloyd we carried out a skin window test in 15 patients suspected of hypersensitivity reactions to drugs and in one patient with known grass pollen sensitivity. The suspected drug reactions were: ampicillin 10 patients, carbromal 2, phenytoin sodium 1, tetracycline 1 and cloxacillin 1. Positive reactions of between 8 % and 27% eosinophils were obtained at twenty-four hours with grass pollen, in one patient with ampicillin and one with cloxacillin. The cloxacillin-positive patient was also tested against five other antibiotics with a negative result.
Comment
So far, no test has been uniformly successful in drug hypersensitivity studies. Only a small proportion of drug reactions show a positive lymphocyte transformation test and similarly the skin window technique has been of help in a small number of patients. However, gradually a range of tests is being developed for clinical use which may in time provide the much needed answers. Nobody would expect a single test to be adequate for accurate diagnosis of liver disease. Similarly, a battery of tests may eventually become a routine diagnostic procedure in the elucidation of a case of suspected hypersensitivity to a drug. Dr A L de Weck (Division ofAllergy and Clinical Immunology, University ofBern, Bern, Switzerland)
The Formation of Penicillin Antigens
The interest in penicillin allergy stems from two main considerations. On the one hand, allergic reactions to penicillins still represent a considerable practical problem. On the other hand, penicillin allergy provides a suitable model to study the mechanism of immunological reactions in man. The fact that the chemical structure of the antigenic determinants responsible may be known, and various types of immunologically active reagents prepared, enables us to study at the molecular level the mechanisms involved in the initiation or the prevention of allergic reactions. It also becomes possible to follow the interplay of several types of immunoglobulins of the same specificity. However, continued research has indicated that even from one single relatively simple molecule such as penicillin, a large number of different antigenic determinants originate. For that reason, the picture of the immunological response of man to penicillin has become increasingly complicated. It was hoped some years ago that the immune response of man to penicillins would he in fact the response to one or to a restricted number of antigenic determinants, making possible the isolation of relatively homogeneous and specific human anti-hapten antibodies. It is now apparent that the immune response to penicillins involves a large variety of antigenic determinants and several types of immunoglobulins, yielding a complex picture and making interpretation sometimes difficult. To achieve understanding of the mechanisms involved, it is necessary to consider separately antigens responsible for sensitization and antigens responsible for elicitation of an allergic reaction in an already sensitized individual.
Seusitization to Penicillins
It has been widely accepted since the time of Landsteiner that sensitizing chemicals of low molecular weight may only induce the formation of antibodies when covalently conjugated to some large carrier molecule such as a protein. This conception was established on the basis of experiments with highly reactive chemicals (e.g. dinitrochlorobenzene). The conjugation theory has been applied by analogy to molecules which are less or not at all reactive with proteins, but which are nevertheless found to be allergenic. In the early days of penicillin therapy, some of the allergic reactions observed were attributed to impurities in the relatively crude preparations. With the use of highly purified crystalline penicillins, however, it soon appeared that allergic reactions were also due to the penicillin molecule itself. According to chemical knowledge prevailing in the late 1 950s, penicillin did not appear to have significant reactivity with proteins nor to be able readily to form stable conjugates in vitro. Our research on this problem therefore became orientated primarily on reactive penicillin derivatives or metabolites (de Weck & Eisen 1960) .
Penicillenic acid, a highly reactive degradation product which readily occurs in penicillin solutions, was accused for a while as the main cause of sensitization to penicillins. However, most of the evidence suggesting penicillenic acid as the main cause of penicillin allergy is indirect and open to criticism.
The finding that antibodies induced by penicillin are mostly of penicilloyl specificity may be explained also if penicilloyl conjugates are formed by direct reaction of the penicillin molecule, without penicillenic acid as an intermediate. The penicilloyl (BPO) determinant has emerged clearly during recent years as that most frequently involved in penicillin allergy and has therefore been designated a 'major' determinant (Levine 1965 , Parker et al. 1962 . The role of penicillenic acid (present as an impurity in penicillin solutions and/ or developing in vivo after penicillin administration) in the formation of antigenic BPO conjugates has now become somewhat less certain.
Various considerations have led us to believe that the direct reaction of the P-lactam ring of penicillin with amino groups is an important pathway by which the BPO group and BPO conjugates may be formed. Several chemical studies (Schneider & de Weck 1965 , 1966 , Batchelor et al. 1965 have indicated that penicillins may react 'directly' (i.e. without penicillenic acid as intermediate) with amino or hydroxyl groups at neutral pH and physiological conditions, thereby forming BPO determinants.
The rate of direct reaction between penicillin and amino group carriers measured in vitro is sufficient to account for the formation of signifi-cant amounts of immunogenic conjugates over a period of several hours. The rate of penicilloylation is also markedly affected by the nature of the carrier. The rates of conjugation to various types of functional groups present on proteins are markedly different. Accordingly, neighbouring structures on the surface of protein molecules could well influence the rate of penicilloylation in vivo and be responsible for preferential conjugation with one or the other kind of protein.
However, rates of conjugation measured in vitro may have little relevance to the effective rates of conjugation in vivo. There is very little information at this time about the effective rate or the extent of penicillin conjugation in vivo. The major portion of injected penicillin is recovered in the urine as such or as free penicilloic acid. Furthermore, investigations on the sera of patients receiving penicillin show that most of the circulating penicillin is free or reversibly bound to serum albumin in a nonconjugated form. Although some ill-defined catalytic effects on the rate of conjugation in vivo might be assumed, a number of experiments indirectly suggest that the rates of conjugation in vitro and in vivo do not differ very greatly.
Whatever the respective importance of the 'indirect' pathway via penicillenic acid or of the direct way via the ,-lactam ring of penicillin to yield a penicilloyl structure, another possibility for the formation of BPO groups is the reaction of penicillenic disulfide with amino groups.
With all these possibilities for its formation, it is not surprising that the penicilloyl group is a major determinant in penicillin allergy and that most of the antibodies encountered in patients undergoing an immune response to penicillin are of BPO specificity.
There is evidence, however, that other antigenic determinants are also involved in penicillin allergy. On the one hand, the BPO group is relatively instable and yields by successive degradation penamaldyl and penaldyl structures. On the other hand, a number of reactive derivatives such as penicillenic disulfide, penicilloic acid, penilloic acid, penilloaldehyde and penicillamine may accumulate in penicillin solutions in vitro or are formed from penicillin in vivo. Skin reactions to benzylpenicillin and to derivatives of penicillin such as penicilloic acid in some patients who are not hypersensitive to the BPO determinant clearly indicate that other determinants participate in the sensitization process. The chemical identification of these other 'minor' antigenic determinants is a difficult task which requires the preparation of well-characterized conjugates and haptens and the demonstration that such antigenic determinants are not merely cross-reactive with the BPO group.
The old assumption that allergic reactions to penicillin are in fact due to impurities has been recently revived by reports from Stewart (1967) , Feinberg (1967) and from Batchelor et al. (1967) , who have found that small amounts of penicilloylated proteins appear to be present in benzylpenicillin and 6-APA preparations. Benzylpenicillin being extracted from a fermentation medium containing various types of proteins, it would not be surprising if some impurities were carried along in the extraction and crystallization processes. However, it has not yet been demonstrated that the exceedingly small amount of protein impurity present in commercial benzylpenicillin preparations is sufficient to play a major role in sensitization of man to penicillins. In order to do this, it would be necessary to compare the sensitization index of ordinary commercial benzylpenicillins with that of a benzylpenicillin which, by the purification process proposed (Sephadex chromatography), has been freed of any protein impurity. The assumption that a penicillin solution devoid of any protein impurity will be less sensitizing is theoretically attractive. However, experiments in animals demonstrate that the 'purified' benzylpenicillin is as immunogenic as ordinary benzylpenicillin ). Furthermore, hydrolysed benzylpenicillin still containing allergenic impurities where the P-lactam ring is open and no longer able to form BPO conjugates, does not induce the formation of anti-BPO antibodies. It therefore appears that the bulk of the anti-BPO response is induced by the benzylpenicillin molecule itself and that 'purification' of this kind will neither abolish nor markedly reduce sensitization.
The situation might be different in 6-APA, prepared by enzymatic degradation of benzylpenicillin. By such a procedure, much higher amounts of BPO conjugates may appear in the final product. Accordingly, the bulk of antigenicity of 6-APA may be due to these BPO enzyme impurities.
Elicitation ofAllergic Reactions to Penicillins
In recent years, experiments with various types of conjugates and haptens of known chemical structure have clearly established that the number of antigenic determinants per molecule is a decisive characteristic that determines whether a conjugate will or will not elicit an immediate-type allergic reaction in a sensitized individual. Summarizing considerations which have been developed elsewhere (de Weck 1968), it may be stated that truly monovalent antigens never elicit immediate-type allergic reactions, bivalent antigens may elicit anaphylactic reactions whereas Arthus reactions require at least trior plurivalent antigens.
Therefore, only part of the conjugates formed in vivo by an allergenic drug will function as effective elicitors, whereas all conjugates formed, including the monovalent ones, may function as sensitizers. In other words, the sensitization process requires only poorly substituted conjugates. In the elicitation phase, on the other hand, monovalent conjugates will in fact act as inhibitors because they compete for antibodycombining sites with the bior plurivalent conjugates. The 'inbuilt inhibition' of such a system is even reinforced when the original allergen (i.e. the unconjugated drug) also has some affinity for antibody. The free benzylpenicillin molecule has some affinity for anti-BPO antibodies. and is capable, when present in sufficient excess, of inhibiting reactions of BPO specificity. It is therefore possible to calculate and to reproduce experimentally situations where the presence of small amounts of BPO conjugates will be completely masked by the excess of free benzyl-penicillin. This phenomenon of 'inbuilt inhibition' is certainly responsible to a large extent for theobservation that penicillin may often be tolerated even in patients who have a clear-cut immediatetype hypersensitivity to the BPO group, i.e. in patients with a skin test to BPO polylysine.
On the other hand, the 'inbuilt inhibition' mechanism will not function when the original drug has a very different chemical structure from that of the antigenic determinant involved and therefore possesses no affinity for the antibody (e.g. 6-APA).
From the rate of conjugation with human proteins measured in vitro and the experimental determination of the minimal amounts of bior plurivalent BPO conjugates required to elicit allergic reactions in sensitized individuals, it becomes possible to guess whether the amount of conjugates formed is sufficient to account for clinical allergic reactions. On the basis of such estimates, the elicitation of allergic reactions taking several hours to develop could probably be explained merely by conjugation in vivo. On the other hand, it is somewhat difficult to assume that enough plurivalent BPO conjugates are readily formed in vivo to account for the dramatic onset of anaphylactic reactions.
We have therefore become interested in mechanisms by which 'ready-made' eliciting antigens of BPO or other specificities might eventually accumulate in penicillin solutions. Considerable experimental evidence indicates that bivalent antigens, i.e. antigens carrying only two antigenic determinants per molecule, are sufficient to elicit anaphylactic reactions, although somewhat less efficiently than plurivalent antigens. It could therefore not be excluded that simple dimers of the penicillin molecule could eventually be sufficient to elicit anaphylactic reactions in highly sensitized individuals, the more so as such dimers have actually been isolated from penicillin solutions.
Furthermore, several chemical mechanisms may be visualized by which penicillin and penicillenic acid might react with themselves or with their degradation products to form various types of dimers and polymers. Finally, the presence of high molecular weight contaminants (e.g. protein, carboxymethyl-cellulose) in penicillin solutions might also lead to the accumulation of eliciting antigens.
We have therefore studied the eliciting capacity of benzylpenicillin solutions stored in various conditions, of various benzylpenicillin derivatives, of chromatographic fractions of benzylpenicillin solutions and benzylpenicillenic acid disulfide in patients allergic to penicillin.
It appears from these results ) that numerous penicillin derivatives, apparently of low molecular weight, are involved in human penicillin allergy and are capable in sensitized individuals of eliciting reactions which are not of BPO specificity. It is evident that purification procedures based on chromatographic separation on Sephadex leave in penicillin solutions numerous compounds capable of eliciting immediate reactions in sensitized patients. Whether the active eliciting fractions represent mostly small polymers or dimers capable as such of eliciting reactions, or highly reactive monomeric small degradation products that elicit reactions only after conjugation in vivo, remains a question for future investigation. The fact that highly sensitive patients are always hypersensitive to different antigenic determinants and to several chromatographic fractions of benzylpenicillin suggests that anaphylactically reactive patients are in fact those who are sensitized to the largest number of possible antigenic determinants, and possibly also those sensitized to determinants not cross-reactive with penicillin itself and therefore not protected by the 'inbuilt inhibition' mechanism.
Mr F R Batchelor and Miss Janet M Dewdney (Beecham Research Laboratories, Brockham Park, Betchworth, Surrey)
Some Aspects of Penicillin Allergy
In this paper we will try to assess the part played in penicillin allergy by the various breakdown products and impurities normally present in penicillin, and their relative importance. A list of the more important ones is shown in Table 1 . These will be dealt with individually from such points of view as whether they can conjugate to protein, whether they induce antibody formation and whether they will react with reaginic antibody.
Penicillin
Benzylpenicillin itself can conjugate directly with protein forming a co-valent bond and producing a penicilloyl-specific antigen (Batchelor et al. 1965) . It can also conjugate indirectly through the highly reactive intermediate penicillenic acid which also gives the penicilloyl determinant (Levine 1960) . The relative importance of these two routes is not clearly established. It should be mentioned that certain other penicillins do not readily form penicillenic acid and it is doubtful whether the problem of allergy is significantly less with thempenicillin V for example. 
